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Introduction
A step increment in skeletal muscle force production mandates an immediate increase in ATP turnover within the contracting myocytes. However, following an initial cardiodynamic phase (phase I), pulmonary O2 uptake ( o2) rises in an exponential fashion following the onset of exercise with similar response kinetics (denoted by the phase II time constant, τp) to that of muscle o2 (28, 38) . In order to compensate for this relative lag in oxidative energy transfer, the energy yield from phosphocreatine (PCr) breakdown and 'anaerobic' glycolysis is increased until a steady-state in o2 is attained, at which time the oxidative reconstitution of ATP is coupled to the rate of muscle ATP utilization (56) . While a o2 steady-state is attained within ~2-3 min following the onset of moderate-intensity exercise (i.e. below the gas exchange threshold, GET), a supplementary o2 slow component emerges during exercise above the GET that delays the attainment of steady-state within the heavy-intensity exercise domain (i.e., above the GET but below the critical power, CP) or results in the attainment of the maximal O2 uptake ( o2max) during severe-intensity exercise (> CP) when this is continued to the limit of tolerance (57, 66, 69) . The o2 slow component develops concomitantly with a progressive reduction in muscle [PCr] (59, 60) , reflecting a reduction in contractile efficiency as constant-work-rate exercise is continued (34) . Interventions that reduce τp or the rate of development of the o2 slow component would be expected to positively impact on exercise tolerance (16) .
Dietary supplementation with inorganic nitrate (NO3 -
, which undergoes a stepwise reduction to nitrite (NO2 -) and then nitric oxide (NO) and other reactive nitrogen species (48) , has been reported to reduce the O2 cost of submaximal exercise (2, 5, 18, (44) (45) (46) (47) 63) in association with a lower ATP cost of muscle force production (2) and an increase in the mitochondrial ratio of phosphate radicals esterified to atoms of oxygen consumed (P/O ratio; (45) ). Muscle oxygenation is greater in contracting skeletal muscle following NO3 -ingestion (5), while intravenous nitrite infusion has been shown to increase skeletal muscle blood flow at rest and during exercise (25) . These physiological effects likely account, at least in part, for the improved exercise tolerance (2, 5, 35, 44, 46) and exercise performance (18, 43) that has been reported following NO3 -supplementation. Recent studies have indicated that NO3 -treatment might particularly alter metabolic and vascular control in type II muscles or muscle fibers (23, 24, 32) . Specifically, contractile force, rate of force development and sarcoplasmic reticulum calcium release were improved in type II but not type I muscle in mice supplemented with NO3 - (32) , while augmented blood flow, predominantly within locomotor muscles comprising a greater proportion of type II fibers, was reported in rats fed NO3 -rich beetroot juice (23) .
However, the potential muscle fiber-type dependency of NO3 -supplementation on the physiological responses to exercise has not been investigated in humans.
The size principle of Henneman and Mendell (29) posits that skeletal muscle fibers are recruited in a hierarchical manner during exercise according to the requirements for muscle force production. A protocol that has been employed to interrogate the metabolic response of different muscle fiber populations to exercise is the "work-to-work" step exercise test (14, 22, 33) . In this protocol, transitions to a higher metabolic rate are divided into two increments in work rate (i.e. lower step and upper step) to manipulate motor unit recruitment and hence reveal the metabolic response profiles of different segments of the motor unit pool. For example, a transition from unloaded cycling to a moderate-intensity work rate (U→M) would be expected to mandate the recruitment of muscle fibers that are positioned low in the recruitment hierarchy (i.e. type I fibers) whereas a subsequent transition from a moderate-to a severe-intensity work rate (M→S) would be expected to require the recruitment of muscle fibers positioned higher in the recruitment hierarchy (i.e. type II fibers) (42) . Compared to U→M, the o2 τp during M→S is greater (i.e., o2 kinetics are slower) (22, 68) . Moreover, compared to a transition from unloaded cycling to a severe-intensity work rate (U→S), the o2 τp during M→S is greater and the amplitude of the o2 slow component is truncated, such that the overall response reverts towards being 'first-order' (20-22, 67, 68) . It is possible that the slower o2 kinetics in M→S compared to U→M reflects a relative imbalance in muscle O2 supply relative to demand. Consistent with this, it has been reported that microvascular PO2
(which reflects the dynamic balance between muscle O2 delivery and muscle O2 utilization) declines more rapidly during contractions in predominantly type II compared to type I muscle (10, 51) . Given that NO3 -supplementation has been reported to increase both the absolute and relative distribution of blood flow toward contracting type II muscle (23) , this might be expected to improve the local matching of O2 delivery relative to muscle o2 and therefore to speed phase II o2 kinetics during M→S. While NO3 -supplementation does not reduce the o2 τp during either U→M or U→S (2, 5, 44) , the effect of NO3 -supplementation on the o2 τp during M→S has yet to be investigated.
Therefore, the purpose of this study was to investigate the effects of short-term dietary NO3 -supplementation on o2 kinetics during work-to-work exercise transitions, i.e. U→M followed immediately by M→S. We used the muscle deoxyhemoglobin concentration ([HHb]) signal from near infrared spectroscopy (NIRS) measurements to explore the mechanistic bases for any NO3 --induced changes in phase II o2 dynamics. The kinetics (τ) of muscle [HHb] following the onset of exercise resembles that of mixed venous [O2] (28, 38) and approximates the reduction in microvascular PO2 during transitions from rest-to-electrically stimulated contractions (36) . The [HHb] signal is therefore considered to provide an index of local O2
extraction (19, 27) and hence to reflect the balance between muscle O2 delivery and muscle O2
utilization. We hypothesized that NO3 -supplementation would reduce the o2 τp and increase the muscle [HHb] τ in M→S but not U→M. We also hypothesized that these kinetic changes following NO3 -supplementation would enhance severe-intensity exercise tolerance.
Methods

Participants
Nine healthy subjects (4 male: mean ± SD age 30 ± 6 years; body mass 77 ± 11 kg; stature 1.78 ± 0.06 m, and 5 female: mean ± SD age 30 ± 6 years; body mass 58 ± 4 kg; stature 1.66 ± 0.02 m) volunteered to participate in the study. The participants were all recreationally active, but not highly trained. Prior to testing, participants were informed of the protocol and risks and gave written consent to participate in the study. All procedures were approved by Swansea University ethics committee and were conducted in accordance with the Declaration of Helsinki. Participants were asked to arrive at the exercise physiology laboratory at Swansea University in a rested state, at least two hours postprandial and to avoid strenuous exercise in the 24 h preceding each testing session. Participants were also asked to refrain from caffeine and alcohol for 6 and 24 h before each test, respectively. The participants also refrained from the use of antibacterial mouthwash throughout the duration of the study (26) . All tests were performed at the same time of day (± 0.5 h).
Procedures
Participants were required to visit the laboratory on seven occasions over a 4-week period. On the first visit, participants completed a ramp incremental exercise test for determination of the o2peak and GET. The test included 3-min of baseline cycling at 15W, after which the work rate was increased at a rate of 20 W•min -1 for females and 30 W•min -1 for males until the limit of tolerance. The participants were asked to maintain a cadence of 70-80 rpm. Breath-bybreath pulmonary gas-exchange data were collected continuously during the incremental tests and averaged over consecutive 5-s periods (Oxycon Pro, Jaeger, Germany). The o2peak was taken as the highest 10-s mean value attained before the subject's volitional exhaustion in the test. The GET was determined using the V-slope method (9) as the first disproportionate increase in CO2 production ( co2) relative to the increase in o2, and subsequently verified by an increase in the ventilatory equivalent for o2 ( E / o2) with no increase in E / co2. The work rates that would require 90% of the GET (moderate-intensity exercise) and 70% of the difference (Δ) between the GET and o2peak (severe-intensity exercise, Δ70%) were subsequently determined, with account taken of the mean response time for o2 during ramp exercise [i.e. two thirds of the ramp rate was deducted from the work rate at the GET and peak o2 (65) ].
Following the ramp incremental test, participants were randomly assigned in a crossover, (70) . A 7-day washout period separated each supplementation period. Throughout the study, subjects were instructed to maintain their normal daily activities and food intake.
On days 4, 5, and 6 of the supplementation periods, subjects completed a series of step exercise tests for the determination of o2 and muscle [HHb] kinetics. The protocol, which was performed on three consecutive days, consisted of 3-min 'unloaded' pedaling at 15 W, followed by 4-min of moderate-intensity cycling (U→M), and then 6-min of severe-intensity cycling (M→S). The tests were performed on separate days because it is known that prior exercise can alter the o2 response to exercise (3) . A schematic illustration of the experimental protocol is shown in Fig 1. On day 6 of each supplementation period, the M→S bout was continued until task failure. The participants were blinded to the elapsed exercise time in both the BR and PL conditions. The time to task failure was used as a measure of exercise tolerance
and was recorded when the pedal rate fell by > 10 rpm below the required pedal rate. In total, the participants completed three bouts of U→M and M→S exercise following BR and PL ingestion, with the o2 data being subsequently ensemble-averaged prior to curve-fitting to enhance the signal-to-noise ratio.
Measurements
Venous blood samples (~ 4 ml) were drawn into lithium-heparin tubes (7.5 ml Monovette Lithium Heparin, Sarstedt, Leicester, UK), which have very low levels of NO3 -and NO2 -, on each of days 4-6. Within 3 min of collection, the samples were centrifuged at 2700 g and 4°C for 10 min. Plasma was extracted and immediately frozen at -80°C for later analysis of [NO2 -] using a modification of the chemiluminescence technique (7). All glassware, utensils, and surfaces were rinsed with deionized water to remove residual NO2 -prior to analysis. Source (NIR) light was emitted into the muscle at wavelengths of 690 and 830 nm and detection sampled at 2 Hz to measure absolute concentrations (µM) of oxyhemoglobin (HbO2) and deoxyhemoglobin (HHb) within the microcirculation of the interrogated muscle region.
Light source-detector separation distances of 1.50-3.04 cm for each wavelength were used with cell water concentration assumed to be constant at 70%. The NIRS probe was calibrated before each testing session using a calibration block of known absorption and scattering coefficients. Calibration was then cross-checked using a second block of known but distinctly different absorption and scattering coefficients. Each of these procedures was performed according to the manufacturer's recommendations. The contribution of myoglobin (Mb) to the NIRS signal is generally accepted to be relatively small (50, 62) but is currently unresolved.
The [HHb] signal reported herein should therefore be considered to reflect the combined concentrations of both deoxygenated Hb and Mb.
Data analysis procedures
The breath-by-breath o2 data from each step exercise bout were initially examined to exclude 'errant' breaths by removing values lying more than four standard deviations from the local mean determined using a 5-breath rolling average. Filtered o2 data were subsequently linearly interpolated to provide second-by-second values and, for each individual, identical repetitions of each exercise condition were time aligned to the start of exercise and averaged together to form a single data set for analysis.
For the U→M transition, the first 20 s of data after the onset of exercise were deleted to remove the phase I (cardio-dynamic) response and a mono-exponential model with time delay (Eq.1) was then fitted to the averaged o2 data.
where ∆ o2 is the increase in o2 at time t above the baseline value (calculated as the mean o2 from the first 45-s of the last min of baseline pedaling), and A1, δ1 and τ1 are the primary component amplitude, time delay (which was allowed to vary freely), and time constant, respectively. Kinetic variables (A1, δ1 and τ1) and their 95% confidence intervals were determined by least squares non-linear regression analysis (Graphpad Prism, Graphpad Software, San Diego, CA).
A mono-exponential model was ultimately used for both moderate and severe-intensity exercise because, for the M→S transition, a bi-exponential model (Eq. 2) produced an inferior and ambiguous fit based on analysis of the model residuals.
Given the failure of the bi-exponential model to adequately describe the o2 response during M→S, the onset of the o2 slow component was determined using purpose designed and with the fitting window constrained to the onset of the o2 "slow component". 
Statistics
Results
The subjects' peak o2 was 3. 
HR kinetics
The HR responses to step exercise are presented in Table 2 . There were no differences in the primary HR τ between PL and BR for U→M or M→S (F[1,8] = 0.10, P = 0.77). During M→S, the relative change in the o2 τp was not correlated with the relative change in HR kinetics between conditions (r = 0.42, P = 0.27). There were no significant differences in blood
[lactate] between conditions.
o2 kinetics and exercise tolerance
The o2 kinetic parameters derived from the mono-exponential fit are presented in Table 3 and the o2 response of a representative subject to U→M and M→S is shown in Fig. 2 . The group mean o2 profile during M→S is presented in Fig. 3 . Two-way ANOVA revealed a significant interaction effect between 'exercise intensity' and 'supplement' on phase II o2 kinetics . Surprisingly, however, this was not associated with a reduced steady-state o2 during U→M. This finding contrasts with previous studies in young, recreationally-active populations (2, 5, (44) (45) (46) (47) 63) , but is consistent with other studies in which the participants were well-trained (11, 55) . Training status does not provide an explanation for the lack of effect of BR ingestion on steady-state o2 during moderate-intensity exercise in the present study because the participants were not well-trained (48 and . While this suggests that a higher NO3 -dose than the 8 mmol employed in the present study might have been required to elicit an altered O2 cost of exercise, it should be noted that significant reductions in steady-state o2 with 5-8 mmol NO3
supplementation (administered as BR) have been reported previously (5, 44, 64) . The explanation for the lack of effect of BR on steady-state o2 during moderate-intensity exercise in the present study is therefore obscure.
While NO2 -has traditionally been considered as an inert product of NO oxidation (53) , recent studies have shown that NO2 -can be recycled back into bioactive NO (48) . Moreover, in contrast to the generation of NO through the oxidation of L-arginine in a reaction catalyzed by nitric oxide synthase, the reduction of NO2 -to NO is O2-independent (17) and is potentiated by acidosis (52) . Since pH and microvascular PO2 decline more rapidly in contracting type II muscle (10, 51), NO2 -reduction to NO may be a more effective pathway for NO generation in, and within the microvasculature surrounding, type II muscle fibers during contractions.
In this study we have shown for the first time that, compared to PL, BR ingestion speeded phase II o2 kinetics in M→S exercise whereas, consistent with previous research (5, 44), BR did not impact on phase II o2 kinetics during U→M. The intensity-dependent effects of dietary NO3 -intake with BR on phase II o2 kinetics may be due, at least in part, to differences in muscle fiber activation patterns in U→M and M→S. In accord with an orderly 'size' principle of motor unit recruitment (31), M→S would be predicted to activate a fraction of the total muscle fiber pool positioned higher in the recruitment hierarchy compared to U→M. Empirical evidence to support this postulate is provided by the study of Krustrup et al. (42) . These authors reported that PCr and glycogen content were lowered more in type II compared to type I muscle fibers when subjects cycled at an intensity corresponding to 80% o2max whereas the reverse was true at 50% o2max (42) . The steady state o2 amplitude in the U→M step in the present study was ~ 54% of o2max, suggesting that type I muscle fibers were principally activated in the lower step transition. Conversely, the longer o2 mean response time and increased total o2 gain observed during M→S in the PL condition is consistent with what would be expected if a greater proportional activation of type II muscle fibers occurred in the upper step (6, 40, 41, 58) . Our findings therefore suggest that the faster o2 kinetics observed following BR supplementation during M→S might be related to specific effects of NO3 -treatment on higher-order (i.e. type II) muscle fibers.
To explore the mechanisms responsible for any alterations in o2 τp in M→S, the NIRSderived muscle [HHb] signal was used to provide information on the dynamic (im)balance between microvasculature O2 delivery and metabolic demand (19, 27) . For the same o2 kinetics, enhanced muscle O2 supply relative to muscle O2 demand would be expected to result in a longer muscle [HHb] τ, whereas faster o2 kinetics alongside unchanged [HHb] kinetics would be interpreted as a proportionally similar increase in the rate of muscle O2 delivery to o2. However, in the present study, faster o2 kinetics in M→S with BR was It has been reported previously that the tolerable duration of severe-intensity exercise initiated from an unloaded cycling or resting baseline can be enhanced after a period of BR supplementation (2, 5, 35, 44) . The findings of this study extend these earlier reports by
showing that the tolerable duration of severe-intensity cycle exercise initiated from a moderate-intensity baseline work rate can also be improved (by ~22% on average). Recent studies show that performance is also enhanced during high-intensity intermittent exercise (13, 71) , which would also be expected to engender significant recruitment of type II muscle fibers (39) . It has been reported (using multi-channel NIRS) that there is marked inter-site heterogeneity in matching of O2 delivery to o2 within the quadriceps muscle during highintensity cycling (37) . One possibility is that NO might inhibit O2 utilization in some welloxygenated muscle fibers (15) whereas the hypoxic and acidic environment within and surrounding muscle fibers receiving less O2 might stimulate NO2 -reduction to NO and thus increase microvascular O2 supply (29) . Faster phase II o2 kinetics during M→S after BR might therefore have resulted from a more homogenous distribution of O2 relative to metabolic demand within contracting muscle. Interventions that speed o2 kinetics have been previously shown to improve the tolerable duration of severe-intensity exercise (3, 4) . A faster adjustment of o2 during M→S would be expected to spare expenditure of the finite anaerobic reserves (i.e. from PCr breakdown and anaerobic glycolysis) and reduce the accumulation of metabolites that have been implicated in the development of skeletal muscle fatigue (1, 16, 54) . However, in the present study, whilst an increased time to task failure with BR was accompanied by a shorter o2 τp compared to PL, the two were not significantly correlated.
Dietary supplementation with NO3 --rich BR juice has been reported to improve exercise tolerance in concert with attenuated skeletal muscle ATP turnover, PCr hydrolysis, and Pi and ADP accumulation during high-intensity exercise (2) . Perturbations of skeletal muscle Ca 2+ handling and membrane excitability are also hallmarks of skeletal muscle fatigue (1) . In this respect, it is interesting that mice receiving NO3 -treatment had an improved capacity for sarcoplasmic Ca 2+ release and increased tetanic force production in type II muscle (32) . In humans, BR supplementation appears to blunt the accumulation of extracellular K + , possibly preserving muscle excitability, during intense intermittent exercise (71) . As discussed earlier, improvements in muscle blood flow and a greater distribution of blood flow to type II muscle fibers with BR (23) might also have contributed to the improved exercise performance in this study. The enhanced exercise tolerance observed during M→S in the present study might therefore be consequent to a conflation of alterations in skeletal muscle metabolism, excitation-contraction coupling and perfusion. Additional studies are required to address these issues.
It is of interest that, in vitro, NO may inhibit oxidative ATP flux by competing with O2 for the O2-binding site at cytochrome-c oxidase (COX) in the electron transport chain (15) . If NO3 -supplementation and the associated increased NO production significantly inhibited COX then an increased ATP contribution from anaerobic metabolism would be expected for the same work rate. However, we have reported previously that muscle PCr utilization is reduced and pH is not changed after NO3 -supplementation (2), which argues against this possibility. NO has many physiological effects and it is possible that any inhibition of COX by NO is offset by other, positive, effects. For example, COX inhibition of fibers nearest a capillary might allow O2 to diffuse to fibers further from the capillary which might be O2 deficient (thereby increasing 'global' oxidative ATP production across a muscle), (29) . There is also evidence that greater NO production via NO3 -supplementation might improve matching of O2 supply to O2 utilization and increase the O2 driving pressure within contracting muscle (23, 24) , increase the mitochondria P/O ratio (45) and improve mitochondrial function in hypoxia (64) .
Therefore, while the effects of NO on oxidative metabolism are complex, the existing evidence suggests that NO3 -supplementation has a beneficial rather than a detrimental effect on oxidative function.
Perspectives and significance
In this study we showed that six days of dietary supplementation with NO3 The results of the present study have important implications for competitive sport and also provide insight into the mechanisms by which BR supplementation may improve performance during simulated competition (18, 43) , as well as during high-intensity intermittent exercise (13, 71) . Continuous athletic events such as cycling and running races are rarely completed at an even pace but are often stochastic with frequent 'surges' in speed (i.e., step transitions in metabolic rate) throughout the competition. The results of the present study, which indicate faster o2 kinetics in the transition from a lower to a higher metabolic rate, suggest that BR supplementation has the potential to enhance performance in such events. This provides further support to the notion that short-term BR supplementation may be conducive to exercise performance, at least in recreationally-active participants. 
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